The accuracy of computed tomography (CT) colonography (CTC) requires that the radiologist be well trained in the recognition of pitfalls of interpretation. In order to achieve a high sensitivity and specificity, the interpreting radiologist must be well versed in the causes of both false-positive and false-negative results. In this article, we review the common and uncommon pitfalls of interpretation in CTC.
Introduction
To date, colorectal cancer remains one of the most significant causes of morbidity and mortality in the world, with screening primarily based on fecal occult blood and optical colonoscopy. 1, 2 However, computed tomography (CT) colonography (CTC) is an alternative screening modality that has shown great potential in improving screening rates-offering comparable polyp detection rates to optical colonoscopy with the additional benefit of being minimally invasive, requiring no sedation, as well as being both more time and cost effective. [2] [3] [4] [5] [6] [7] The recognition of pitfalls is crucial to the proper interpretation of CTC examinations. In the infancy of CTC, a wide range of sensitivities (32%-94%) were reported with a great deal of interobserver variability. 8, 9 In this article, different causes of falsepositive and false-negative diagnoses are reviewed. Overall, false-negative diagnoses can be related to failure to detect the lesions, errors in characterizing the lesions, or a combination of the two. This article will present a review of the different pitfalls as well as lessons and pearls to overcome those pitfalls.
Preparation-Related Pearls and Pitfalls
The CTC requires proper patient preparation prior to image acquisition. Unfortunately, no postprocessing program can compensate for a poorly executed CTC examination. If the colon is poorly distended, poorly tagged with oral contrast agents, poorly cleansed, or without prep altogether, the examination may be difficult to interpret or possibly even impossible to read. 10 Tagging. Bowel preparation begins 1 day prior to the scheduled examination with the purpose of clearing any stool material that may mimic or obscure a mass or polyp and to tag any residual material or fluid within the colon. [10] [11] [12] If the patient is poorly prepped prior to the CTC, untagged adherent stool may appear as a nonmobile soft tissue lesion indistinguishable from a polyp. For these reasons, an oral tagging agent is paramount to avoiding stool masquerading as a polyp. 12 By admixing the fecal residue with a tagging agent, the tagging agent is able to differentiate between solid residue and a true polypoid lesion as well as identify a polyp as a negative filling defect within dependent tagged fluid. [10] [11] [12] Typically, water-soluble, iodine-based tagging agents are used such as Iohexal (Omnipaque); however, some institutions use a barium-based agent followed by the water-soluble, iodine-based agent. Unfortunately, if the patient does not follow the instructions properly and reverses the order ingesting the iodine agent before the barium, the cecum and ascending colon may end up smoothly coated with contrast, making identification of flat polyps, the subtlest lesions, nearly impossible 13 (Figure 1 ). Of note, if intraluminal tagging fluid is >50% of lumen diameter, a decubitus view should be added to the regular supine/prone protocol. 14 If necessary, intravenous contrast can be used in an exceptional situation during troubleshooting for differentiating polyps from solid stool. Polyps will enhance; stool will not. 12 Distension. Adequate colonic insufflation is a key aspect to preparation prior to image acquisition. If the colon is not adequately distended, it is impossible to reliably differentiate between spasm, stricture, and tumor. In some institutions, antispasmodic agents such as glucagon are used to relax the colon; however, studies have found the usefulness of these agents to be debatable. Optimal colonic distension is achieved by combining CO 2 colonic insufflation with dual supine/prone dynamic positioning. 15 Of note, it is possible for CO 2 insufflation to cause a benign iatrogenic entity known as pneumatosis coli via the diffusability of CO 2 aggravated by mucosal microtrauma. Pneumatosis coli is best defined as an abnormal collection of gas within the bowel wall. It may be idiopathic and accidentally visualized or may be secondary to a large variety of ischemic or infectious causes. 16 Interpretation of 2-dimensional (2D) images is vital, as 3-dimensional (3D) images will make this pathology appear as an irregular mass-like lesion. 10, 16, 17 It is important not to mistake asymptomatic colonic pneumatosis for perforation ( Figure 2 ). This phenomenon is seen as curvilinear air in the bowel wall but does not represent perforation. These patients are asymptomatic and do not require treatment. 16 
Acquisition-/Technologist-Related Pearls and Pitfalls
Thanks to the high contrast between luminal gas and colonic wall, CTC is well suited for a low-dose acquisition protocol. However, in some cases, a low dose may cause excess image noise which may cause a false negative of pseudoenhancement which makes a true lesion appear as tagged stool. For these reasons, it is important to compare the questioned lesion with tagged stool in other colonic locations or to smooth the abdominal window to decrease noise. 7 Of note, although modern CT systems have very short acquisition times and require only a short breath hold, CTC examinations are still susceptible to motion artifacts that may deteriorate image quality or cause pseudolesions. An abrupt breath may cause a haustral fold to be doubled into a ''twinfold'' and appear as a flat or curved lesion. This can be identified by recognizing a stair-step artifact on the 2D images. 10, 12 Interpreter-Related Pearls and Pitfalls Successful interpretation of CTC typically involves 3D visualization of the colon using specialized software in addition to complementary visualization of 2D images for complete evaluation of both intra-and extracolonic findings. Three-dimensional reading that offers an endoluminal perspective fly-through is more intuitive and less cumbersome. However, expertise and comfortability in evaluating 2D images is crucial for distinguishing polyps from stool and avoiding pitfalls such as misinterpreting a polyp as mobile stool because of colonic mobility. Alternatively, in the case of a highly pedunculated polyp with a thin stalk, care must be taken to evaluate the lesion closely on the 3D images as well as the 2D images, since a highly pedunculated polyp with a thin long stalk may be mobile enough to be mistaken for a solid mobile stool ball. Ultimately, all potential polyps identified by a 2D or 3D approach should be cross-correlated 10 (Figure 3 ). In summary, all potential polyps are evaluated for 2 criteria: a fixed position on the colonic mucosa and a soft tissue core as opposed to an air/fat density core or mottled texture inspissated with oral tagging agent or air. 12, 18, 19 If a polyp does not meet these criteria, a stool ''pseudo-polyp'' is a possibility. 10 Additionally, correlation between supine and prone images to assess for changes in mobility is vital in interpreting whether a filling defect is a polyp or an iatrogenic object such as a suppository. 12 Unfortunately, some segments of the colon can markedly shift in position between supine and prone positioning such as the sigmoid colon that is attached to a mesentery and inherently tortuous. 19 It can be difficult to determine whether the polyp moved in relation to gravity, or whether the segment of the sigmoid wherein the polyp is contained entirely shifted in position ( Figure 4 ). Accurately ruling in or ruling out lesions depends on the interpreter's cross-sectional skills to accurately judge the distance of the lesion from specific internal landmarks such as a specific haustral fold or prominent bend. Alternatively, some software has the ability to estimate the distance of lesions from the rectum. 7 Other segments of the colon particularly the cecum and ascending colon may also rotate counterclockwise when moving from supine to prone or decubitus. 19 This may erroneously make a polyp appear to move into a dependent location when the underlying movement of the polyp does not represent a stool ''pseudo-polyp'' moving into a dependent position from gravity but merely the polyp shifting position due to underlying rotation of the colon itself. 12 Three dimensional. The primary 3D approach involves typically an endoluminal fly-through as well as a perspective filet, unfolded cube, and band view with endoluminal fly-through. A good program allows the operator to bridge collapsed segments of colon. The reader flies retrograde from rectum to cecum with the ''camera'' orientation facing proximally followed by an antegrade fly-through from cecum to rectum with the ''camera'' orientation facing distally. 10 This allows for visualization of both sides of every colonic fold. Up to 20% of to the colonic mucosa may be obscured on a unidirectional fly-through. 12 Some software programs can colorize the mucosal surfaces that were not within the line of sight of the virtual camera on the first fly-through so that the operator can pay greater attention to these regions. 10 In some instances, 3D imaging truly shines. A polyp spaced properly between folds can resemble a haustral fold or can extend off a haustral fold in a manner that makes it appear as an extension of the fold. These instances that are difficult to perceive on 2D are recognized easily on 3D. 20 As such, ability of the software to closely correlate locations between 2D and 3D is imperative.
The classic 3D endoluminal view is either surface or volume rendered. In surface-rendered views, sometimes ''floaters'' can be present when the scan is photon starved, especially in the pelvis. 10 The scan may be improved by changing the lower end threshold. Some vendors offer a 3D cube, wherein the magnification, viewing angle, and cutting plane can be altered for 3D problem solving.
Two dimensional. The typical primary 2D approach involves scrolling through a batch of thin slice (typically 1-1.25 mm) CTC transverse images in an extremely wide window (typically Level 0: Window 2000 HU) in a similar manner used when reading standard CT. The reader searches through the colon in a retrograde fashion for focal soft tissue projections into the lumen which may represent polyps-careful to systematically evaluate all circumferential directions of the wall of the lumen. 10 In some instances, 2D imaging truly shines. Submerged polyps not visualized on 3D without electronic cleansing can be easily visualized within the contrast-coated fluid pool on 2D. Similarly, electronically subtracted 2D images may demonstrate large artifacts that may make interpretation difficult for inexperienced operators. Of note, interpreters should be aware that in some cases an ulcerated mass can be surface coated with adherent ''sticky'' stool. Careful interpretation of 2D multiplanar reconstructions (MPRs) is necessary to not correctly disregard a focal area of adherent stool while incorrectly missing the underlying infiltrative lesion hiding beneath. 10, 12 A submucosal colonic lipoma may appear as a polyp on 3D endoluminal view. However, on 2D imaging, the presence of a homogenous fat density lesion clinches the diagnosis and avoids a potentially unnecessary biopsy. Lipomas are rare and usually arise from the submucosa and may protrude into the lumen as either a polypoid mass or nodular tumor-like lesion. They are more common within the right colon than left. 20, 21 A colonic spasm may simulate an ''apple core'' neoplastic lesion. The key to avoiding false-positive interpretation of this finding is 2-fold. Evaluation of the same area of the colon on the alternate dynamic acquisition can assess for transient resolution of the narrowed area. Alternatively, visualization of the same area with the 2D planar imaging may be conducted to evaluate for adjacent pericolonic changes. 22, 23 Colonic ischemia may appear as an area of diffuse colonic thickening simulating an infiltrative process. Correlation with 2D imaging findings is essential to avoiding a false-positive interpretation of this finding. If necessary, a diagnostic CT with contrast is recommended to observe classic findings of colonic ischemia. 12 Polyps must be appropriately evaluated with respect to the colonic wall. Impacted stool within a diverticulum may simulate a polyp on 3D endoluminal views; however, visualization on 2D images will delineate that the ''mass-like'' lesion projects beyond the colonic wall serosa. A diverticulum lacks muscularis propria, and fecal material can easily remain into the diverticulum and harden into a fecalith. Imaging findings are unequivocally negative when the lesion presents as a hyperdense ring with a hypodense center on axial images ( Figure 5 ). On conventional endoscopic colonoscopy, the lesions are recognized as fecal balls falling into the lumen. 24, 25 Although rare, a diverticulum can technically invert into the colonic lumen and appear as a sessile polypoid lesion. The diverticulum usually envelops some luminal air or pericolonic fat during inversion and may demonstrate air or fat density on 2D MPRs. 24 Chronic diverticulosis with intervening bouts of diverticulitis can result in wall thickening and fibrosis over time. Delineating chronic diverticulitis from malignancy is complicated but can usually be done successfully after comparing 3D to 2D images. 12 Malignant processes can demonstrate more significant wall thickening, apple core formation, and locoregional adenopathy. Chronic diverticulitis usually demonstrates pericolonic fat stranding, mesenteric fluid, and milder wall thickening. Additionally, chronic diverticulitis usually involves a longer segment of colon (>10 cm), whereas infiltrative malignancy usually involves a focal area (<3 cm). 25 
Anatomy-Related Pearls and Pitfalls
Appropriate evaluation of polyps with respect to regional anatomy is needed. In areas where intra-abdominal organs may exert bowel effect on the bowel wall, the area may simulate an intraluminal defect. Endometriosis, remnant ovary, fibroids, colonic lymphocyst, compression by external organs such as the spleen or liver, and respiratory artifact may mimic polyps. 12, 15 Rectum. Although the rectum is straight and nonmobile, the operator must take careful attention to not miss rectal lesions. The rectum is most optimally distended in the prone position due to its position posteriorly in the pelvis. An inflated rectal balloon can partially obscure a polyp. 10 Using a minimally inflated small balloon and deflating the balloon for the prone view is recommended to not obscure lesions in the anorectum. 12 Perianal lesions may represent true tumoral lesions but must be distinguished from a hypertrophied anal papilla. 15 Unfortunately, CTC cannot reliably differentiate between the 2 entities, and once a lesion measures 6 mm, optical colonoscopy is necessary to rule out a lesion. Often, longitudinal folds are present converging within the anal canal. Notably, a rectal bar is present anteriorly which can appear as a polyp on 2D images but clearly is visualized as a fold on 3D. 12, 15 Internal hemorrhoids can appear as rounded soft tissue bulges and be mistaken for polyps. The anorectal region is difficult to evaluate to begin with secondary to the rectal tube used for insufflation. 10 The interpreter must be aware of the possibility of polyps to avoid interpreting a false-positive interpretation of a polyp. If necessary, findings can be correlated with digital rectal examination 12 (Figure 6 ). A rectal varix is a dilated submucosal vein that can cause a serpiginous extrinsic impression within the rectum. The key to interpreting this finding is that it changes appearance between the 2 acquisitions and tends to flatten out on the prone position, since there is better endoluminal distension. Perirectal vascular structures can also be identified readily on 2D MPRs. 10 The rectal valves or valves of Houston are prominent transverse folds present in the rectum which support the weight of the fecal matter. Since they are more prominent, they may obscure lesions. Depending on prominence of these valves, special attention is necessary both on MPRs and by using the 120 camera angle to not miss lesions. 12 Descending, transverse, and ascending colon. Sometimes, the taenia coli can remain prominent and give a triangular shape to the colonic lumen. This triangular shape may become accentuated in spasm which can make differentiation from a stenosing tumor difficult ( Figure 7) . Typically, a tumor has overhanging edges with a shoulder formation. 12 At each colonic flexure, pseudothickening of the colon wall within the inner aspect of the flexure occurs because of compression of the colonic wall. A pseudothickened fold (flexural pseudotumor) has a smooth appearance and changes shape with dynamic positioning, whereas a definite polypoid mass will appear more dumbbell shaped and not show a morphological change in dynamic positioning. In the case of the transverse colon, the lumen may be compressed by the weight of the abdomen, especially when prone. The technologist should take special care to ensure adequate distension during the prone position. 9, 7 Cecum. In the cecum, it is important to distinguish a prominent ileocecal valve from a mass. The ileocecal valve is a notorious ''mimicker'' of pathology and may appear rounded and elevated on a 3D endoluminal view. The ileocecal valve can appear as a thin slit-like structure, a large intraluminal mass, or almost invisible. There are 3 main appearances in order of prevalence: the labial type which appears as a slit (78%), the papillary type which appears as a dome (21%), and the lipomatous type which demonstrates deposits of fat within the lips (3%). 12 Lipomatous and papillary ileocecal valves may mimic neoplasms and should be differentiated from polyps. Lipomatous valves will be enlarged without altering the structure of the ileocecal valve. The diagnosis is easily made by detecting fatty density tissue on the 2D MPRs. In papillary transformation of the ileocecal valve, the terminal ileum prolapses into the ileocecal valve (Figure 8 ). With papillary transformation, the ileocecal valve can become more prominent and even appear polypoid or tumoral. Alternatively, the ileocecal valve may hide polyps or even be cancerous itself (Figure 9 ). Correlation with 2D images to evaluate the pericolonic fat and regional lymph nodes is imperative. 21, 22 The remainder of the cecum can also present challenges to interpretation. In some patients, the length and orientation of the cecum can very. A tortuous cecum is highly susceptible to flexural pseudotumor as well as cecum recurvatum internum and externum. 26 Appendix. The appendiceal orifice is located at the convergence of the taenia coli and appears as a small opening covered by a small fold. The appendix may prolapse into the lumen and appear as a small polypoid structure with a central depression (representing the appendiceal orifice). An appendiceal stump can appear as a rounded smooth polypoid defect. In some cases, optical colonoscopy is required to adequately distinguish inverted appendices or appendiceal stumps from polyps. 12 
Miscellaneous
Flat lesions are an important and controversial source of falsenegative interpretations of CTC. 10, 27, 28 True perfectly flat lesions with no height are extremely rare. Flat lesions are defined as a lesion with 3 mm in height and the height being ½ the longest circumferential colonic surface axis dimension. Flat lesions are more common in hereditary polyposis disorders, more histologically aggressive, and also difficult to detect on optical colonography. Attention to subtle focal colonic wall thickening especially as identified on soft tissue windows is recommended. 27 Unfortunately, these lesions can be difficult to detect even for experienced interpreters of both optical colonography and CTC and account for a great degree of interobserver variability.
After polypectomy, the colonic wall remains edematous which can simulate a flat or polypoid lesion on virtual CTC. 28 Knowledge of the patient's past procedural history will avoid this false-positive diagnosis.
Conclusion
Computed tomography colonography is a powerful tool in screening of colorectal cancer. Clinical experience over the past two decades have helped to develop and refine the best practices for preparation, acquisition, and interpretation of CTC. Recognizing pearls and avoiding pitfalls which may negatively affect interpretation is necessary for a successful examination. Properly tagging the fecal matter and adequately distending the relaxed colon is vital for proper preparation. Interpreting the CTC with a combined 2D/3D approach is key. The 2D is recommended in any situation where the tagging preparation has failed, the colon is underdistended, or a suspicious morphology is undercharacterized. Finally, additional attention is always recommended when evaluating anatomic areas especially prone to benign entities masquerading as pathologies and vice versa. Knowledge of these topics will lessen the CTC learning curve for a novice and help optimize interpreter performance.
